This letter focuses on the mechanical conditions governing the initiation of landslides in unsaturated shallow slopes. The goal is to provide mathematical criteria for predicting the onset of slope instabilities and capturing the interplay between saturation conditions and shear failure. For this purpose, the standard scheme of infinite slope is used and the mechanical response of the deposit is represented through simple shear kinematics. This assumption enables the study of different perturbation scenarios using a modelling strategy that: (i) incorporates the constraints describing the interaction with the pore fluids into the control conditions and (ii) allows the analytical derivation of stability indices for each scenario. The theoretical results show that, in unsaturated slopes, the coupling between the solid skeleton and the pore fluid can exacerbate the tendency to undergo mechanical instabilities. This general aspect is clearly disclosed by the analytical expression of the stability index for water-undrained shearing. It is found that, because of hydro-mechanical coupling, the failure mode originated by these perturbations embodies some characteristics of both shear localisation and static liquefaction. As a result, depending on soil properties and initial conditions, the unstable response resulting from its activation can resemble either phenomena and predictive models are necessary to distinguish between the two scenarios.
INTRODUCTION
As is well known, slope failures are the ultimate consequence of instability mechanisms taking place within soil deposits. The initiation of landslides is therefore an engineering problem inherently dominated by the mechanical concept of failure. Usually, slope instabilities are associated with the generation of a sliding surface within the soil strata, which, from a mechanical standpoint, implies the existence of a narrow band where shear strains concentrate (Rudnicki & Rice, 1975) . This localisation process is a classical form of mechanical instability that is described by precise mathematical conditions and can be predicted by means of suitable soil constitutive models (Vardoulakis & Sulem, 1995) . Nevertheless, it is well known that geomaterials can suffer a variety of diffuse and localised instabilities (Lade, 2002; Nicot & Darve, 2011) whose occurrence can eventually lead to the activation of dramatic slope failures. The initiation of these phenomena can also be associated with well-defined mathematical conditions (Nova, 1989 (Nova, , 1994 ) and a general approach for predicting the occurrence of landslides should incorporate these criteria.
The purpose of this letter is to revise these concepts by considering the effect of rain-infiltration processes. Rainfall is in fact probably the most common cause of slope instabilities because it leads to a reduction in suction and consequent weakening of the soil (Fredlund & Rahardjo, 1995) . To investigate this process, recent theoretical developments concerning the stability of unsaturated soils (Buscarnera & di Prisco, 2010; Buscarnera & Nova, 2011) are here combined with the classical scheme of infinite slope. This procedure allows one to obtain simple mathematical conditions associated with the initiation of slope failures by accounting for the influence of in situ boundary conditions and soil properties.
STABILITY INDICES FOR SATURATED SHALLOW SLOPES
The concept of material stability is briefly discussed, focusing on its implications on the initiation of landslides. It is widely accepted that the mechanical response of a material point can be defined to be stable when the secondorder work is positive definite (Hill, 1958) ; that is, when d 2 W~s : ' ij e : ij w0 for any incremental perturbation
where s : ' ij is the effective stress increment while e : ij is the strain increment. Violation of condition (1) is associated with possible bifurcations of the stress-strain response, and an enlightening interpretation of its physical meaning was obtained by introducing the concept of controllability (i.e. the dependence of mechanical stability on the incremental disturbances applied to perturb the material (Nova, 1994; Imposimato & Nova, 1998; ). Under this perspective, it can be demonstrated that the vanishing of the second-order work coincides with the singularity of a constitutive control matrix, and hence with the inability of the system to sustain certain types of disturbances. In other words, material stability can be investigated by defining the type of disturbance (i.e. by identifying the control conditions for the problem at hand) and studying the properties of the constitutive tensor governing the incremental response.
As expounded by di Prisco et al. (1995) , it is possible to elaborate on these concepts and apply them to slope stability analyses, in particular to a submerged infinite slope. The kinematics following from this assumption can be defined on the basis of the reference system (Fig. 1) Any assumption on the control conditions will have an impact in the predicted slope stability scenario. In particular, it is possible to devise two significant extremes: drained shearing and undrained shearing. These two cases are illustrated in Fig. 2 . The assumption of drained loading implies that the permeability of the soil layers surrounding the failure zone is infinitely large. As a result, the regime of pore water pressure is unaffected by the local stress-strain response and depends only on hydraulic boundary conditions. By contrast, undrained loading implies that the excess pore water pressures originating from the shearing process cannot be dissipated (i.e. the permeability of the soil surrounding the failure zone approaches zero).
Even though it is reasonable to expect the response of the slope to be intermediate between these two opposite cases, the scenarios of drained and undrained shearing provide a simple basis to bound the perturbations needed for failure. Stability criteria can thus be obtained from equations (2) simply by defining the control conditions in mathematical terms and studying the properties of the control matrix associated with them.
In a saturated slope, a drained disturbance can be described in terms of changes in normal and shear stresses (i.e. by controlling both s : ' j and t : jg ). In this case, the control matrix coincides with the matrix in (2) and the system is unable to sustain a stress perturbation (i.e. the control matrix is singular) when the following condition is satisfied
It can be shown that condition (3) coincides with the initiation of shear strain localisation (Rudnicki & Rice, 1975) , having that the criterion given by (3) represents a proper bifurcation condition.
At variance with the above scenario, rapid shear perturbations require assumptions for the flow of the pore fluid. In order to investigate the response to undrained shearing, a convenient strategy is to set the volumetric strain rate to zero (i.e. assume that undrained perturbations are associated with isochoric kinematics). Control conditions are then reproduced by a mixed stress-strain perturbation, according to which the rate of volumetric strains is directly imposed and the incremental constitutive relations are re-organised as e :
where D 11 =0 has been assumed. The control matrix in (4) relates the increment of the response variables (s : ' j ,c : jg ) to the rate of the variables corresponding to a generic undrained shear perturbation, (e : j ,t : jg ). The instability condition for undrained shearing can now be recovered by setting to zero the determinant of the newly defined control matrix (di Prisco & Nova, 1994; di Prisco et al., 1995) , obtaining that this circumstance coincides with
Soil properties are critical to assess the characteristics of the instability mode associated with condition (5). In loose/contractive soils, for instance, undrained instabilities are followed by positive shear-induced pore pressures and can take place at much lower shear stresses than those activating shear failure. In these cases, equation (5) can be associated with a burst in pore water pressure accompanied by a massive loss in shearing resistance (a phenomenon commonly referred to as static liquefaction; Fig. 3 ). In contrast, the tendency to dilate, typical of dense soils, radically reverts the previous reasoning. Dilation implies negative shear-induced pore pressure; undrained instabilities then tend to be inhibited (i.e. condition (5) is not satisfied) and the drained mechanism given by condition (3) becomes the most critical failure scenario.
STABILITY INDICES FOR UNSATURATED SHALLOW SLOPES
In typical environmental conditions, shallow deposits are unsaturated (i.e. the pore space is filled by two or more fluids). Usually these fluids are air and water, and their presence implies interaction between the solid skeleton and fluid interfaces. It is largely acknowledged that the usual constitutive theories for saturated soils must be revised in order to cope with unsaturated conditions (Alonso et al., 1990; Wheeler et al., 2003) . In particular, stress and energy measures for unsaturated porous media have to be conveniently corrected, accounting for the presence of more than one fluid (Gray & Schrefler, 2006) and energy exchanges between the three phases (Houlsby, 1997) .
Similarly, when addressing failure conditions in unsaturated soils it is necessary to adapt the procedures used in material stability analyses. Therefore, in this work an extended definition of second-order work for unsaturated soils has been used, following the strategy suggested by Buscarnera & di Prisco (2010) . As shown by these authors, the second-order energy input in unsaturated soils can be expressed as (6) can be used to set up hydro-mechanical constitutive laws (i.e. incremental constitutive equations capable of establishing an explicit coupling between the incremental response of the skeleton and its retention properties). Most importantly, the use of incremental stress-strain measures in accordance with equation (6) allows one to derive failure criteria for unsaturated slopes by maintaining the same strategy adopted in the previous section.
Let us consider an unsaturated infinite slope. Equation (2) Under unsaturated conditions, it is possible to distinguish two opposite shear perturbation scenarios: suctionconstant shearing and water-undrained shearing (Fig. 4) . The first scenario implies that the permeability of the soil surrounding the failure zone is infinitely large. In this case, air and water pressures depend only on hydraulic conditions and the increment in suction at any point follows from the assumptions made at the boundaries. In contrast, the assumption of water-undrained shearing implies that the layers surrounding the failure zone have a permeability approaching zero. As a result, changes in suction become a function of the mechanical response to shear loading.
These two scenarios can again be translated into suitable stability criteria. Under constant suction, disturbance to the system is represented by the vector in the left-hand side Stability criteria for unsaturated shallow slopes of (7). As a consequence, suction-constant failure takes place when the control matrix in (7) is singular. It follows that the determinant of the matrix in (7) vanishes when
where use has been made of D 31~D32~0 . It is readily apparent that, excluding instabilities in the retention behaviour, condition (8) coincides with the onset of shear strain localisation in saturated/dry materials. In other words, in the uncoupled suction-constant scenario neither unsaturated conditions nor hydro-mechanical coupling induce significant changes in the characteristics of the shear failure mechanism, which turns out to be governed by the same analytical condition previously recovered for saturated and dry soils. The opposite case is represented by water-undrained shearing, which can be reproduced by combining equations (7) with an adequate control condition. Similar to undrained shearing in saturated soils, the changes in pore-fluid pressures are a product of the stress-strain response, having that neither s : Ã j nor ns : are known beforehand. Therefore, control conditions must in this case be expressed in terms of the total stress increments, and the incremental constitutive relations take the form s : For unsaturated materials, water-undrained conditions are therefore reproduced by a hydro-mechanical constraint that links the rate of the degree of saturation to changes in volume. This implies that possible instabilities in the deformation response are automatically producing abrupt variations in S r .
The stability criterion for water-undrained perturbations is obtained by setting to zero the determinant of the control matrix in (9) and takes the form
Besides the alteration given by terms D Coupling terms and partially saturated conditions, however, can play a crucial role during saturation processes in collapsible materials and, depending on the values taken by D 13 and D 23 , condition (11) can even anticipate condition (8). If this occurs when the critical state is not yet reached, the material has a residual potential for compaction and the resulting instability mode has important similarities with static liquefaction: (i) it produces abrupt changes of the pore fluid pressure and (ii) the system is unable to sustain the current state of stress.
The peculiar properties of the instability mode associated with condition (11) contribute to the definition of a failure mechanism intermediate between shear strain localisation and static liquefaction, in the sense that it embodies some characteristics of both failure modes. Depending on initial conditions and material properties, the response that follows from fulfilment of condition (11) shearing, a dilative response causes an increase in suction and an improvement of stability conditions, while a contractive response yields the opposite effect ( Fig. 5(a) ). Most importantly, conditions (8) and (11) can provide an effective tool for studying the evolution of stability conditions during rainfall events (process of suction removal, Dsv0), tracking the changes of the bifurcation domain and locating the point of activation of unexpected slope instabilities (Fig. 5(b) ).
CONCLUSIONS
This letter has discussed the mechanical conditions for the onset of failure in unsaturated slopes. For this purpose, the usual hydro-mechanical formalism employed in unsaturated soil modelling has been combined with a theoretical methodology for the stability analysis of infinite slopes. This strategy allowed the incorporation of two ideal loading scenarios -suction-constant shearing and waterundrained shearing -showing the remarkable role of the hydraulic constraints on the failure mechanisms.
It is shown that disturbances applied under suctioncontrolled conditions tend to activate an uncoupled failure mode whose initiation is captured by the usual shear-strain localisation condition. By contrast, the stability criterion derived for water-undrained conditions embodies characteristics of both localisation and liquefaction processes. On the one hand, the criterion takes an analytical form that resembles the usual localisation condition for saturated/dry materials and converges to it when the interaction with pore fluids is negligible. On the other hand, the hydro-mechanical coupling embedded in the constitutive relationship can exacerbate the tendency to mechanical instabilities, modifying the moment of initiation of failure. Given these properties, the current analysis discloses the existence of a particular failure mode whose key features can be similar to those of liquefaction processes (i.e. it can anticipate localised shear failure and produce a burst in pore fluid pressure).
The new concepts outlined in this letter generalise the stability criteria commonly used for saturated conditions to the more general case of unsaturated slopes and can be viewed as useful theoretical tools for studying the mechanics of shallow landslides. In particular, combination of these tools with adequate constitutive models could constitute a simple but mechanically consistent predictive strategy for identifying the most likely failure mechanism among several possible scenarios. 
